Background: Cation transport contributes to migration and proliferation of tumor cells. Results: Sodium current block decreased ERK phosphorylation and increased expression of cell cycle inhibitors. Conclusion: Activity of an ENaC/ASIC cation channel is required to maintain the glioma cell phenotype. Significance: Activity of a membrane cation channel influences signaling pathways to effect changes in migration and proliferation of glioma cells.
In this study, we have investigated the role of a glioma-specific cation channel assembled from subunits of the Deg/epithelial sodium channel (ENaC) superfamily, in the regulation of migration and cell cycle progression in glioma cells. Channel inhibition by psalmotoxin-1 (PcTX-1) significantly inhibited migration and proliferation of D54-MG glioma cells. Both PcTX-1 and benzamil, an amiloride analog, caused cell cycle arrest of
D54-MG cells in G 0 /G 1 phases (by 30 and 40%, respectively) and reduced cell accumulation in S and G 2 /M phases after 24 h of incubation. Both PcTX-1 and benzamil up-regulated expression of cyclin-dependent kinase inhibitor proteins p21
Cip1 and p27 Kip1 . Similar results were obtained in U87MG and primary glioblastoma multiforme cells maintained in primary culture and following knockdown of one of the component subunits, ASIC1. In contrast, knocking down ␦ENaC, which is not a component of the glioma cation channel complex, had no effect on cyclin-dependent kinase inhibitor expression. Phosphorylation of ERK1/2 was also inhibited by PcTX-1, benzamil, and knockdown of ASIC1 but not ␦ENaC in D54MG cells. Our data suggest that a specific cation conductance composed of acid-sensing ion channels and ENaC subunits regulates migration and cell cycle progression in gliomas.
Glioblastoma multiforme (GBM), 2 a grade IV primary brain tumor, is the most common and aggressive of all brain tumors, exhibiting high rates of proliferation and migration, often setting up secondary foci some distance from the primary site. Ion channel activity is closely linked to changes in proliferation and migration of tumor cells (1) (2) (3) , although the role of ion channels in the mechanisms underlying these processes is not well understood. There is increasing evidence that expression of Ca 2ϩ , K ϩ , and Cl Ϫ (4 -6) channels is altered in many cancer cells and that the cellular pathophysiology is influenced by abnormal activities of these channels. Other basic phenotypic characteristics of tumor cells, such as cell adhesion (7) and interaction with the extracellular matrix (8) , are also influenced by ion channel activity. Regulation of these parameters in both normal and tumor cells is also under the control of a diverse array of signaling pathways. Chief among these is the mitogenactivated protein kinase (MAPK) pathway, which regulates glioma cell migration, proliferation, and differentiation (9, 10) . A key downstream signaling element of this pathway is the highly pluripotent signaling intermediate ERK1/2. Activation of this pathway is generally attributed to ligand binding to EGFR and related receptors, initiating a classical tyrosine kinase signaling cascade. In epithelial cells, ERK activation is associated with decreased surface expression of ENaC sodium channels (11, 12) , exerting effects on mechanisms of channel retrieval from the membrane.
We have previously shown that malignant glioma cells express an inward Na ϩ current that is not detected in normal astrocytes or low grade gliomas and is blocked by the diuretic amiloride (13) . This cation current is due to expression of a cross-clade channel composed of members of the Deg/ENaC channel superfamily, i.e. acid-sensitive ion channel 1 (ASIC1) and two members of the epithelial sodium channel family, ␣-and ␥ENaC (13) (14) (15) (16) . The amiloride-sensitive cation conductance found in glioma cells is also blocked by psalmotoxin-1 (PcTX-1), a peptide isolated from West Indies tarantula Psalmopoeus cambridgei (17, 18) , and is a highly specific blocker of ASIC1. Knocking down expression of any of the three Deg/ ENaC subunits abolishes the current and slows migration (15) . Furthermore, the regulatory volume increase of glioma cells following cell shrinkage by hyperosmolar solutions was completely abolished by PcTX-1 and amiloride (19) . Based on these previous findings, we wanted to determine whether PcTX-1 could affect glioma cell migration and proliferation. We report here that exposure to PcTX1, an amiloride analog benzamil, low extracellular [Na ϩ ], or knockdown of the ASIC1 subunit reduced migration, caused accumulation of p21 Cip1 and p27
Kip1 slowing proliferation, and decreased phosphorylation of ERK1/2 in two tumor cell lines, D54-MG and U87-MG, and in GBM cells maintained in primary culture. These observations reveal that activity of this channel is essential for the maintenance of the glioma cell phenotype.
EXPERIMENTAL PROCEDURES
Cell Culture-The cell line, D54-MG, and primary cultures of human glioblastoma cells were kind gifts of Dr. D. Bigner (Duke University, Durham, NC) and Dr. G. Y. Gillespie (University of Alabama at Birmingham, Neurosurgery Brain Tissue Bank). U87-MG cells were purchased from ATCC. The cells were cultured and maintained in Dulbecco's modified Eagle's/ F-12 medium (Invitrogen) supplemented with 10% fetal bovine serum (Thermo-Fisher) in the absence of antibiotics. To generate stable cell lines, D54-MG cells were transfected with 4 g of a truncated eGFP-ASIC1 or eGFP-␦ENaC cDNA as described previously (15) . Following transfection, cells were cultured for 72 h, transferred to a T75 flask, and selected with G418 (500 g/ml; Mediatech, Manassas, VA). After initial selection, GFP-positive cells were sterile sorted by FACS. Stable transfectants were maintained in DMEM/F-12 media with 10% FBS. All constructs used were the human variants, subcloned into pcDNA3.1 for expression.
Transwell Migration Assay-Transwell migration assays were conducted as described previously (16) . Cells were split 1 day prior to the experiment and treated with PcTX-1 (100 nM), control peptide (100 nM) (Peptides International, Louisville, KY), or benzamil (100 M) (Sigma). These drug concentrations were used for all subsequent experiments. The control peptide had an identical amino acid sequence as PcTX-1 except all the cysteines were replaced with alanine, thus breaking the disulfide bonds of this inhibitor cysteine knot fold toxin. On the day of the experiment, 1 ϫ 10 4 cells were added to the insert and allowed to migrate for 5 h (37°C, 95% air, 5% CO 2 ), in the continued presence of the drugs, which were added to both sides of the filter. Following incubation, cells were fixed (4% paraformaldehyde) for 10 min and stained with 1% crystal violet solution (5 min). Images from five random fields per insert were taken at ϫ20 magnification. All experiments were done in triplicate and repeated a minimum of three times per condition.
Scratch Wound Migration Assay-D54-MG cells (either wild type or stably transfected with truncated eGFP-ASIC1) were seeded on a 6-well plate at a density of 7 ϫ 10 5 cells/well. The monolayer was scarred with a 200-l sterile pipette tip and washed two times with serum-free DMEM/F-12 media. Immediately after scarring, cells were treated with PcTX-1, control peptide, or benzamil for 24 h (DMEM/F-12 with 2% FBS) at 37°C. Images were taken at 0 h and after 24 h of treatment, and the cell-free area was measured. The experiments were performed at least three times per condition. Images were captured on a Nikon 200 TEV inverted microscope. IPLab software was used to measure the region of interest in the scratch area.
Isolation of Cellular RNA-Total cellular RNA was isolated from D54-MG cells using RNeasy (Qiagen, Valencia, CA), Flow Cytometry-Cells were seeded in a 6-well plate at a density of 2 ϫ 10 5 /well. After 24 h, the cells were washed three times with PBS and then incubated with serum-free DMEM/ F-12 for 48 h to synchronize the cells in G 0 /G 1 phase. The cells were incubated with either PcTX-1, control peptide, or benzamil for 24 h in reduced serum media (DMEM/F-12 with 2% FBS) at 37°C. After fixing with 95% ethanol, the cells were treated with RNase solution (1 mg/ml in PBS; Thermo-Fisher), stained with propidium iodide (40 g/ml) (Sigma), and sorted at the FACS core facility in the Center for AIDS Research (University of Alabama at Birmingham). Cell cycle phases were analyzed by FACS-Diva software (BD Biosciences).
Cell Lysates, SDS-PAGE, and Immunoblotting-Cells were washed twice with cold PBS and lysed in buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris, pH 7.4, 1% Triton X-100, Complete protease inhibitor mixture (Roche Applied Science)) for 30 min at 4°C with shaking. Cell lysates were homogenized by passing 10 times through a 22-gauge needle and centrifuged (13, 200 rpm for 30 min at 4°C). Protein concentration of the supernatant was measured using BCA protein assay (Thermo-Scientific), and 25-50 g of protein lysates were used per lane for SDS-PAGE and immunoblotting. Lysates were heated at 95°C for 6 -7 min in 1ϫ Laemmli sample buffer (25% glycerol, 2% SDS, 0.01% bromphenol blue, 10% ␤-mercaptoethanol, 62.5 mM Tris-HCl, pH 6.8) and subjected to SDS-PAGE over 8 or 12% separating gels. Proteins were transferred to Immobilon-P transfer membranes (Millipore, Hayward, CA). Following transfer, membranes were blocked for 1 h with 5% nonfat dry milk or 10% BSA (for phosphor-specific antibody) in Tris-buffered saline (100 mM Tris, pH 7.5), 150 mM NaCl), with Tween 20 (0.1%, Bio-Rad; TBS-T) for 1 h at room temperature and probed with primary antibodies in 5% milk or 10% BSA in TBS-T overnight at 4°C. Blots were washed with TBS-T (three times for 5 min), and probed with secondary antibodies conjugated to horseradish peroxidase (HRP; Thermo-Fisher) in 5% milk in TBS-T. The blots were developed in SuperSignal West Pico substrate (Thermo-Fisher) and exposed to x-ray film. The x-ray films were scanned using a Syngene G-Box, and images were analyzed for densitometry by GeneTools software (Syngene).
Antibodies and Drugs-The following antibodies were used: mouse anti-GFP monoclonal antibody (Abgent, San Diego) at 1:2000; mouse anti-p21 monoclonal antibody (Abcam, Cambridge, MA) at 1:2000; mouse anti-p27 monoclonal antibody (Cell Signaling, Danvers, MA) at 1:1000; rabbit anti-ERK1/2 polyclonal antibody (Millipore) at 1:10,000; mouse anti-phospho-ERK1/2 monoclonal antibody (Millipore) at 1:10,000; rabbit anti-ASIC1 and anti-␦ENaC (Santa Cruz Biotechnology, Santa Cruz, CA) at 1:500; and mouse anti-actin monoclonal antibody (Millipore) at 1:200,000. Because glioma cells release proteases, we used PcTX-1 (and control peptide) at 100 nM for long term (24 h) inhibition of the glioma-specific cation conductance. Similarly, we conducted experiments at reduced (2%) serum concentrations to limit binding of the toxin to plasma proteins. Benzamil and amiloride were used at 100 M.
Electrophysiology-Whole-cell current recordings were obtained using the amphotericin B perforated patch technique as described previously (20) . Cells were mounted in a flowthrough chamber on the stage of a Leica DM IRB inverted microscope (Leica Microsystems, Heidelberg, Germany). Bath solution exchange was achieved using a pinch valve control system converging on an 8-1 manifold. Tips of borosilicate recording pipettes (5-7 megohms) were back-filled with pipette solution (150 mM KCl, 10 mM HEPES, pH 7.2 (TrisHCl)) and then with the same solution containing ϳ0.2 mg/ml amphotericin B (Sigma). Currents were obtained using an Axopatch 200B patch clamp amplifier (Axon Instruments/Molecular Devices, Sunnyvale, CA) with voltage commands and data acquisition controlled by Clampex software (pClamp 8, Axon Instruments) and digitized (Digidata 1321A interface, Axon Instruments) at a sampling frequency of 2 kHz. Current-voltage relationships were obtained using a pulse protocol in which cells were stepped from a Ϫ40-mV holding potential from Ϫ100 to ϩ80 mV in 20-mV increments for 250 ms. Mean currents were obtained from the average of three sweeps during the 200 -250-ms period of each sweep using Clampfit 8 software (Axon Instruments). Bath solutions contained (in mM) 140 NaCl, 4.0 KCl, 1.8 CaCl 2 , 1.0 MgCl 2 , 10 glucose, 10 HEPES, pH 7.4 (NaOH/HCl). Appropriate vehicle controls were performed.
Data Analysis and Statistics-Statistical analysis was done with Microsoft Excel or GraphPad Prism 5. All experiments were performed at least three times. Statistical significance is displayed on the figure according to the level of significance (*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001). Data are presented as means Ϯ S.D., and two-tailed t tests (unpaired or paired) were performed for two group comparisons, and one-way analysis of variance followed by post hoc tests were used to compare three or multiple groups.
RESULTS

PcTX-1 Inhibits Migration and Proliferation of D54-MG Gli-
oma Cells-As ASIC-1 is one subunit of the glioma-specific heteromeric ion channel complex, we wanted to determine whether prolonged (24 trol peptide. As shown in Fig. 1, A and B, we found that PcTX-1 and benzamil significantly inhibited migration (by 48 Ϯ 3 and 62 Ϯ 4%, respectively, n Ն3) as compared with untreated cells or cells treated with control peptide. Similarly, in the scratch wound/healing assay (Fig. 1, C and D Fig.  2A; n Ն5) . The number of cells in S and G 2 /M phases was concomitantly reduced, implying that the inhibition of the cation conductance directly influenced cell cycle progression. The cell cycle is regulated by different classes of cyclin-dependent kinases whose activities are controlled by CKIs (21) . We therefore explored whether expression of two CKIs, p21
Cip1 and p27
Kip1 , was also affected by the toxin. As shown in Fig. 2B , expression of both CKIs was significantly increased when D54-MG cells were treated with PcTX-1 or benzamil for 24 h. Reduction of FBS in the media to 2% to reduce binding of toxin to plasma proteins was without effect (n Ն6).
We also verified that the amiloride-sensitive cation current that we had previously recorded from glioma cells was inhibited by long term exposure to PcTX-1 and benzamil. We found that ϳ32% (n Ն6) of the total basal current at Ϫ80 mV was amiloride-sensitive in untreated cells (Fig. 2C) . In contrast, in PcTX-1-and benzamil-preincubated cells, only 3.5 and 6.3%, respectively, of the remaining basal current was amiloride-sensitive, consistent with a nearly complete abrogation of current by the drugs. Under these conditions, the control peptide had no effect. The I/V relationships for each condition described above are shown in Fig. 2D . Representative individual wholecell current records under each experimental condition are shown in supplemental Fig. 1 .
Knockdown of ASIC-1 Expression Inhibits Migration and Cell Cycle Progression in D54-MG Cells-
We generated a stable D54-MG cell line expressing an eGFP-tagged ASIC-1 construct (DN-eGFP-ASIC1), containing a premature stop mutation at Tyr-67 (Y67X). This construct effectively knocks down expression of endogenous ASIC1, but it does not affect expression of other related subunits (15) . We analyzed whole-cell lysates obtained from both wild type D54-MG (D54MG-WT) cells and D54-MG cells stably transfected with the DN-eGFP-ASIC1 cDNA (D54MG-A1DN) for ASIC-1 protein expression. Quantitative densitometric analysis showed that the expression of ASIC-1 was significantly decreased by 58 Ϯ 13% (n Ն4) in D54MG-A1DN cells (Fig. 3A) . Whole-cell patch clamp recording demonstrated that only 9% of basal current exhibited amiloride sensitivity in contrast to ϳ32% in the wild type cells (n Ն 6; Fig. 3, B and C) . Representative individual whole-cell current records of wild type and stably transfected cells under each experimental conditions are shown in supplemental Fig. 2 .
We hypothesized that knocking down ASIC-1 in glioma cells would have similar inhibitory effects as long term inhibition of ASIC-1 by PcTX-1 or benzamil. In both transwell migration (Fig. 4A ) and scratch/wound healing assays (Fig. 4B) , D54MG-A1DN cells showed a significant reduction in migration (by 40 Ϯ 5%, n Ն3, and by 39 Ϯ 16%, n Ն4, respectively), as compared with wild type D54-MG cells.
Similarly, ASIC-1 knockdown inhibited progression through the cell cycle consistent with the results from our earlier experiments (Fig. 4C) . After 48 h of serum starvation, exposing D54MG-A1DN cells to DMEM/F-12, 10% FBS for 24 h significantly increased the percentage of the cell population in the G 0 /G 1 phase (by 19 Ϯ 5%, n Ն3), as compared with wild type cells. The percentage of cells in S and G 2 /M phases was significantly decreased in D54MG-A1DN cells (by 29 Ϯ 7 and 66 Ϯ 18%, respectively, n Ն3). Consistent with our FACS data, we also found that ASIC-1 knockdown significantly increased the expression of p21 Cip1 (by 3-fold, n Ն6) and p27 Kip1 (by 2.5-fold, n Ն5), as compared with the wild type cells (Fig. 4D) . As we have shown previously that ␦ENaC is not a part of the glioma cation channel complex as knocking down this subunit did not affect the amiloride-sensitive glioma cation current (15), we established a stable D54-MG glioma cell line expressing a GFPtagged truncated (S35X) ␦ENaC construct. Western blot analysis (Fig. 5A ) of whole-cell lysates showed that the expression of both glycosylated (upper band ϳ100 kDa) and nonglycosylated (lower band ϳ75 kDa) forms of ␦ENaC (22) was significantly reduced (by 50 Ϯ 15%, n Ն3) in D54MG-␦ENaC-DN cells as 
compared with D54MG-WT cells. Expression of p21
Kip1 was similarly unaffected by knocking down ␦ENaC (Fig. 5B) .
We also repeated these experiments in wild type D54-MG cells under conditions of low (25 mM) external Na ϩ . Incubation with low [Na ϩ ] media increased the proportion of cells in G 0 /G 1 phase as compared with those in normal buffer. The numbers of cells in subsequent S phase and G 2 /M phases were correspondingly lower in cells incubated in NMDG buffer, indicating that the extracellular sodium concentration is a critical regulator of the cell cycle. As shown in Fig. 6 , A and B, lowering the external sodium concentrations evoked essentially identical results to those for the D54MG-A1DN cells. The expression of p21 Cip1 (n Ն5) and p27
Kip1
(n Ն4) was significantly up-regulated when the cells were exposed to low [Na ϩ ] buffer as compared with control buffer. These findings suggest that disrupting Na ϩ transport across the membrane by whatever mechanism inhibits cell migration and proliferation.
Inhibition of the Glioma Cation Conductance Decreases Phosphorylation of ERK1/2-The MAPK signaling cascade is a crucial intracellular regulatory pathway that controls diverse cellular processes, including cell proliferation, cell cycle progression, cell survival, and angiogenesis (9, 23) . Our findings that glioma cell migration, proliferation, and the cell cycle were down-regulated by PcTX-1, benzamil, low extracellular [Na ϩ ] o , and by knocking down the expression of ASIC-1 prompted us to determine the phosphorylation status of ERK1/2 in all of our previous experimental conditions. We found that phosphorylation of ERK1/2 was significantly inhibited when we treated the cells with PcTX-1 (by 82 Ϯ 22%, n Ն3, or benzamil (by 82 Ϯ 24%, n Ն3), as compared with control cells (in 2% or 10% FBS) Fig. 1 (A) and scratch/wound healing assay at 0 and 24 h after scarring n Ն4 (B). C, flow cytometric analysis of D54MG-WT, D54MG-A1DN, and D54-MG cells treated with benzamil for 24 h; the percentage of cells in each cell cycle phase for different experimental conditions is shown n Ն3. D, expression of p21 Cip1 (n Ն6) and p27 kip1 (n Ն5) was determined in D54MG-A1DN cells following re-feeding with 10% FBS after 48 h of serum starvation. Actin was used as a loading control. Each bar represents normalized densitometry compared with untransfected D54MG-WT cells. IB, immunoblot.
or cells treated with control peptide (Fig. 7A) . Stably knocking down ASIC-1 in D54-MG cells also significantly decreased ERK1/2 phosphorylation by 47 Ϯ 20%, n Ն6 (Fig. 7B ). In contrast, knocking down ␦ENaC in this glioma cell line had no effect on phosphorylation of ERK1/2 (Fig. 7C) . Low [Na ϩ ] also down-regulated phosphorylation of ERK1/2 in D54-MG glioma cells following 24 h of incubation (Fig. 7D, n Ն4) . These findings suggest that normal channel activity is required for ERK1/2 phosphorylation.
Expression of p21
Cip1 and p27 Kip1 Is Increased and ERK1/2 Phosphorylation Is Decreased by PcTX1 and Benzamil in Primary GBM Cells-To determine whether our findings were more widely applicable, we evaluated the effect of current inhibition on cell cycle progression and ERK phosphorylation in primary GBM cells. Fig. 8A shows that there was a significantly higher percentage of cells in the G 0 /G 1 phase following PcTX-1 and benzamil treatment (26%, n Ն6, and 25%, n Ն6), respectively, as compared with the controls. The percentage of cells in S and G 2 /M phases was correspondingly reduced. As shown in Fig. 8B , expression of p21
Kip1 in primary GBM cells was significantly increased by treatment with PcTX-1 and benzamil (n Ն5). Similarly, the phosphorylation of ERK1/2 was significantly reduced in PcTX-1-(by 85 Ϯ 5%, n Ն4) or benzamil (by 79 Ϯ 24%, n Ն4)-treated primary GBM cells. Essentially identical results were obtained in the second cell line U87MG, with FIGURE 5. Knocking down ␦ENaC has no effect CKI expression. A, lysates from untransfected wild type D54-MG and D54MG-␦ENaC-DN cells were separated by SDS-PAGE and immunoblotting (IB). Each bar represents the normalized density of both bands compared with untransfected D54-MG cells, n Ն3. B, no difference in expression of p21
Cip1 and p27 kip1 proteins was detected between wild type D54-MG and D54MG-␦ENaC-DN cells. Wild type cells treated with benzamil were used as a positive control (n Ն6). 
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VOLUME 287 • NUMBER 6 • FEBRUARY 3, 2012 the exception of the changes in p21, which were either not affected or slightly decreased by the blockers. It is possible that p21 is not an essential regulator of the cell cycle in U87 cells, as other studies have shown that p21 is much slower to respond to a variety of experimental maneuvers in this cell type as compared with other glioma cells (supplemental Figs. S3 and S4) (24 -27) . Real time PCR analysis demonstrated that in all cases the increases in p21
Cip1 expression were due to an increase in mRNA; in contrast, message levels of p27 Kip1 were not affected by any experimental maneuver (supplemental Fig. S5 ).
DISCUSSION
Grade IV gliomas are highly invasive tumors, distinguished by their ability to migrate through the brain parenchyma to establish secondary foci distant from the primary tumor. Multiple laboratories have reported that ion transport plays a critical role in both migration and proliferation of glioma cells, and potassium, chloride, calcium, and voltage-gated sodium channels have all been implicated (1, 28, 29) . Earlier studies proposed that Na ϩ influx was itself a mitogenic signal, initiating cell cycle progression in neuroblastoma-glioma hybrid cells, as inhibitors of sodium transport reduced the DNA synthesis required for cell proliferation (30, 31) . Furthermore, the sodium gradient established by the Na ϩ /K ϩ -ATPase is importantly used to drive uptake of metabolic substrates such as glucose and amino acids, as well as to remove harmful metabolites such as H ϩ via turnover of the Na ϩ /H ϩ exchanger (NHE). Cells can also control their internal volume by regulating transport of Na ϩ , K ϩ , and Cl Ϫ across the plasma membrane, swelling or shrinking as required. Although much less sensitive to amiloride than the prototypical renal sodium channel ␣␤␥ENaC (K i amil Ͻ0.1 M (32)), the glioma cation channel that we have identified is critically involved in migration and proliferation (13) (14) (15) (16) . This channel is inhibited by amiloride and its analogs and is blocked by PcTX-1, to which it is exquisitely sensitive (K i amil 10 -100 M; K i PcTX-1 K i ϳ40 pM (17)). This peptide exhibits high specificity for ASIC1, with no effect on ASIC2, heteromers of ASIC subunits, or ␣␤␥ENaC (18). However, PcTX-1 prevented a regulatory volume increase in glioma cells following a hyperosmotic challenge (19) . It has previously been suggested that in addition ENaC plays an important role in wound healing (33, 34) and proliferation (35) . Both ASIC and ENaC channels contribute to migration of vascular smooth muscle cells (36, 37) , although in neither case are the underlying mechanisms well understood.
In this study, we have begun to dissect out these mechanisms by examining the effect of current inhibition on cell cycle intermediates and the MAPK pathway. The cell cycle is a tightly regulated process that is involved in growth, division, and differentiation. It is regulated by both cyclin-dependent kinases and inhibitor proteins, including p21
Cip1 and p27 Kip1 (38, 39) . We found that expression of these CKI proteins was up-regulated when the glioma current was inhibited under all conditions tested. This was specific to the glioma conductance, as knocking down ␦ENaC had no effect on CKI expression. Expression of p21
Cip1 and p27 Kip1 is primarily regulated by transcriptional and post-translational mechanisms, respectively (40) , and this was confirmed by our real time PCR results, which showed an increased level of mRNA for p21
Cip1 but not p27 Kip1 in every condition where we found up-regulation of protein expression (supplemental Fig. 5 ). It should be noted that consistent with expression of a nonselective cation channel, we found that the outward K ϩ currents were also blocked by PcTX-1 as well as by benzamil, suggesting that K ϩ efflux from cells was also inhibited (17) . Similar accumulation of these two CKI proteins was found in oligodendrocyte precursors under conditions of K ϩ channel block, and it was suggested that the underlying mechanism involved a change in membrane potential (41) . However, we observed little change in reversal potential in the presence of benzamil or PcTX-1 in our studies (Fig. 2) , suggesting that membrane potential is unlikely to be a key trigger. Expression of p21
Cip1 was associated with increased mRNA, consistent with the expression of wild type p53 in D54-MG cells (42, 43) . The dissociation between p27
Kip1 accumulation and mRNA may reflect rapid turnover of message, increased translation, or increased protein stability (44) .
Our finding that ASIC-1-mediated glioma cell cycle arrest was associated with increased expression of CKIs prompted us to examine the involvement of the MAPK pathway by evaluating the phosphorylation status of ERK1/2. Activation of ERK1/2 is classically downstream of the EGFR, which is overexpressed in most GBM tumors (45) , and ERK1/2 phosphorylation is a key signaling event controlling migration and proliferation of multiple cancer cells, including gliomas (10, 23, 46) . However, activation of ERK1/2 in the absence of EGFR amplification has been reported, suggesting that nonclassical pathways are also involved in the regulation of this important transcriptional regulator (45) . Down-regulation of ERK1/2 is intimately associated with cell cycle inhibition and accumulation of p27
Kip1 (47, 48) and p21 Cip1 (49) . ERK is also a potent regulator of glioma cell migration; inhibition of Rho-associated kinase reduced phosphorylation of ERK1/2 and decreased cell migration (50) . Several transporter proteins are also targets of ERK1/2 phosphorylation. ERK phosphorylates ␤-and ␥ENaC, increasing retrieval of ␣␤␥ENaC from the membrane (12, 51) and thus decreasing current. However, we have now demonstrated the reciprocal relationship in the glioma cell, as down-regulating the Na ϩ current inhibited phosphorylation of ERK1/2. ERK activation also stimulates turnover of the NHE, which is widely implicated in tumor growth and proliferation (52) . This exchanger normally operates to maintain pH i homeostasis, although in gliomas this protein is up-regulated, and the pH i is quite alkaline (53) . The NHE is effectively inhibited by 100 M amiloride, and although we used 100 M benzamil, a less potent amiloride analog as a positive control (54) , it is likely that the effects of benzamil are attributable to inhibition of both the glioma cation conductance and NHE. However, inhibition of NHE does not account for the effects of ASIC1 knockdown on CKI accumulation and ERK phosphorylation, suggesting a less prominent role for NHE in this system. In summary, we have shown that blocking of plasma membrane cation channel complex inhibits migration and proliferation of glioma cells. At the least, this most likely involves inhibition of ERK1/2 phosphorylation and subsequent accumulation of the CKI proteins p21
Cip1 and p27 Kip1 . How changes in channel activity are transduced to the MAPK pathway remains to be determined.
